and substituting the defined servo force into (1),
Using the following definitions, con2 = k/m, where con is the natural frequency of vibration for the system, and the viscous damping factor. The additional terms in equation (2) are defined as follows, c/m = 2_Oln, Av/bavtbC, Aatb -aafom, Bpff -bpflk, and Bvff -bvflC, where the subscripts vfb, afb, pff, and vff stand for velocity feedback, acceleration feedback, velocity feedforward, and position feedforward, respectively. Equation (2) can be put into vibration notation using the above definitions giving the following form: If we take the Laplace transforms of x, and u, equation (3) becomes:
Taking the frequency response of the transfer function in the s domain, and calculating the magnitude of this function, one arrives at the following equation, giving the frequency response transfer function or transmissibility of the isolated payload to a harmonic base disturbance. Therefore, the following frequency domain transfer function can be written which depicts the various possibilities of actively controlling a single degree-of-freedom system through these various inertial feedforward/feedback techniques.
The frequency response transfer function is the magnitude response of dynamic output over dynamic input. As depicted by equation (6), the feedforward techniques attempt to cancel out the dynamic transmission due to the relative terms in the equation of motion, (i.e. the relative spring and viscous damping terms), while the inertial feedback term increases the dynamic mass of the system and the inertial viscous term references the payload through a viscous damper to an inertial reference. [ref. 4, and 5] In practice, the feedforward and feedback terms, derived from accelerometers attached to the payload and support structure, will have bandwidth and linearity limitations and thus, these terms will be functions of frequency.
By calibrating the control sensors and bandwidth limiting the controller one can arrive at an optimal controller performance in order to meet bandwidth and noise floor performance requirements.
Based on a relative feedback and inertial feedforward controller design a laboratory prototype six DOF system was designed and developed for verification of one of the isolation approaches developed.
The relative and inertial motion of the active suspension system, (i.e. the displacement of the isolated payload with respect to its support environment and the acceleration of the support structure), are measured using eddy current probes and proof-mass accelerometers, respectively. In order to demonstrate the feasibility of using" a feedback/feedforward control algorithm the frequency response of the prototype isolation hardware was measured with a multi-DOF forcing function in the horizontal plane.
Only the three horizontal DOFs were analyzed because of the large one-g bias in the vertical dimension which limited the acceleration magnitude range of testing.
However, the system was under full suspension and every attempt was made to constrain the swept sinusoidal forcing function in the horizontal plane. Two trlaxial accelerometers were used to record the acceleration spectrums of the payload and the forced platform.
These spectrums were then used to calculate the frequency response of the isolated payload for both relative feedback and inertial feedforward control. The natural frequency of the suspension system for both frequency response curves was set at about 0.65 Hz. As shown in figure 2 , the relative feedback control shows typical soft suspension system response with a roll-off of about 40 dB/decade, while the inertiaUy referenced control curve, for the same relative parameters, shows a substantial increase in roll-off, about 1 I0 dB/decade. The response of both systems tends to flatten out at about 26 to 33 dB where the 12 bit relative control resolution limit dominates.
This controller limitation is translated into the suspended payload's acceleration noise floor performance by the resolution of the relative control loop. In order to demonstrate this input and output power spectrums, from the frequency response calculations in figure 2, are shown in figure 3 . Figure 3 gives the input power spectrum of an aceelerometer in the horizontal direction and the corresponding response of the actively isolated payload for both relative and inertial control. Superimposed on this plot are the theoretical closed loop resolution limits for a 12 and 16 bit single DOF suspension control loop. The attenuation performance of the active suspension is and will be limited by the digital resolution of the controller.
V1T Technology Demonstration: T_ Discussiotl
The objective of our research and development project was to demonstrate an active inertial isolation system in a reduced gravity environment.
Since an orbital isolation experiment was not logistically feasible, during the coarse of our ATD VIT project, it was decided to attempt a hardware proof-of--concept demonstration during low gravity parabolic flight. The duration of these parabolic trajectories typically last 10 to 15 seconds using the NASA Lewis Learjet aircraft. Therefore, the system testing bandwidth is constrained, mainly on the low end, by the trajectory duration.
A typical parabolic trajectory _gins with an initial 50 dive followed by a 2 to 3 g pull-up maneuver. A noise floor performance measurement was taken of the 16 bit demonstration hardware.
As shown in figure 4 , the noise floor of the demonstration hardware with a system natural frequency set to about .5 Hz tends to follow the superimposed 16 bit theoretical resolution limit. The theoretical acceleration noise floor calculation assumes that a one bit change at the frequencies plotted will result in an acceleration on the payload. In practice, there will be random bit error and therefore, the actual noise floor should be better than predicted, but limited by the measurement sensor resolution, which for the Suns,rand QA-2000 accelerometers is on the order of .lgg/#Iz. Figure  5 is a photograph of the active demonstration hardware integrated into a Learjet experimental rack. As shown in figure  5 , the active six DOF demonstration hardware was integrated into a trunnioned testbed rack designed during the development portion of the VIT ATD project.
This trunnioned support structure was designed to keep it's initial orientation during the low gravity portion of the trajectory.
Therefore In addition to these studies sensitivity analyses were made on certain classes of "microgravity" experiments and their respective susceptibility to oscillatory disturbances.
The technology development phase concentrated on the control approaches for the stable isolation of a typical "microgravity" science payload and the development of a generic testbed system to demonstrate these control strategies. Once the development of the control approaches were completed the demonstration phase of the VIT ATD project was conducted to demonstrate a functional six DOF system concept in a reduced gravity environment.
Two six DOF systems were built and tested. Performance results showed the viability of using active relative and inertial control strategies in order to actively control ones acceleration environment to sub-Hertz frequencies. It is our belief that these techniques are readily applicable to the orbital environment and the application of such control strategies to lowering the control bandwidth to the .01 Hz range. The difficulty of ground based testing six DOF systems down to this frequency range is self evident however, the control bandwidth tested during the coarse of the VIT ATD project has validated the technology developed both in its advantages and disadvantages. 
